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We previously identified a cell wall-associated protein from Fusobacterium nucleatum, a Gram-negative bacterium of the oral
cavity, that induces human beta defensin 2 (hBD-2) in primary human oral epithelial cells (HOECs) and designated it FAD-I
(Fusobacterium-associated defensin inducer). Here, we report differential induction of hBD-2 by different strains of F. nuclea-
tum; ATCC 25586 and ATCC 23726 induce significantly more hBD-2 mRNA than ATCC 10953. Heterologous expression of plas-
mid-borne fadI from the highly hBD-2-inducing strains in a Afadl mutant of ATCC 10953 resulted in hBD-2 induction to levels
comparable to those of the highly inducing strains, indicating that FAD-I is the principal F. nucleatum agent for hBD-2 induc-
tion in HOECs. Moreover, anti-FAD-I antibodies blocked F. nucleatum induction of hBD-2 by more than 80%. Recombinant
FAD-I (rFAD-I) expressed in Escherichia coli triggered levels of hBD-2 transcription and peptide release in HOECs similar to
those of native FAD-I (nFAD-I) isolated from F. nucleatum ATCC 25586. Tandem mass spectrometry revealed a diacylglycerol
modification at the cysteine residue in position 16 for both nFAD-I and rFAD-I. Cysteine-to-alanine substitution abrogated
FAD-TI’s ability to induce hBD-2. Finally, FAD-I activation of hBD-2 expression was mediated via both Toll-like receptor-1/2
(TLR-1/2) and TLR-2/6 heterodimerization. Microbial molecules like FAD-I may be utilized in novel therapeutic ways to bolster

the host innate immune response at mucosal surfaces.

he epithelial surfaces of the oral cavity are sites of active bac-

terial colonization. While colonizing, certain bacteria pro-
mote activation of human beta defensin (hBD) expression in the
oral mucosa (1-3). By virtue of their antimicrobial and immuno-
regulatory properties, these epithelial-cell-derived innate re-
sponse peptides contribute to the homeostasis between the bacte-
rium and the host (4). Human beta defensin 2 (hBD-2) and hBD-3
are the two inducible members of the hBD peptide family that we
and others have described in the oral cavity (1, 5-10). Interest-
ingly, while hBD-3 is associated with the highly proliferating, non-
differentiated stratum basale of the oral mucosa, hBD-2 is com-
partmentalized in the more superficial stratum spinosum and
stratum granulosum; i.e., nonproliferating yet differentiating re-
gions of the oral mucosa (11, 12). This, along with other results
showing that hBD-2 is induced as a result of inflammation via
MAPK or NFkB (5) while hBD-3 is activated through epidermal
growth factor receptor (13, 14), strongly suggests that the latter is
more involved in wound healing while the former plays a more
active role in inhibiting microbial invasion during mucosal-bar-
rier disruption (15-17). Moreover, in addition to their antimicro-
bial properties (18, 19), both peptides have been shown to act as
chemokines in recruiting lymphoid and myeloid cells from the
bloodstream (20).

Fusobacterium nucleatum, a ubiquitous Gram-negative bacte-
rium of the human oral cavity, has been extensively studied for its
properties of adhesion to other bacteria, an important feature in
oral biofilm formation (21, 22). In addition to its role in oral
community architecture, we and others have shown that the cell
wall of F. nucleatum induces hBD-2 expression in normal primary
human oral epithelial cells (HOECs) (1, 5, 10, 23). The presence of
F. nucleatum in oral biofilms colonizing oral surfaces may be a
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reason why the generally inducible hBD-2 is constitutively ex-
pressed in the upper strata of the oral mucosa, a trait apparently
unique to this site compared to other mucosal body sites (5, 11,
17). We have also shown that, as well as in HOECs, F. nucleatum is
also capable of inducing hBD-2 in skin keratinocytes (14).
Recently, we reported the identification, isolation, and func-
tional evaluation of a cell wall-associated protein from F. nuclea-
tum that induces hBD-2 in HOECs (1). We named this protein
Fusobacterium-associated defensin inducer (FAD-I). Expression
of FAD-I in a bacterium (Porphyromonas gingivalis ATCC 33277)
that did not promote hBD-2 expression resulted in its ability to do
so (1). Here, we present new evidence showing that (i) FAD-I is
the principal F. nucleatum molecule responsible for hBD-2 induc-
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tion; (ii) FAD-I is posttranslationally modified at its cysteine in
position 16 (C16) by a diacylglycerol, which is essential for FAD-
I-dependent hBD-2 activation in HOECs; and (iii) FAD-I induces
hBD-2 in HOECs through both Toll-like receptor-1/2 (TLR-1/2)
and TLR-2/6. Since most mucosal body sites do not express con-
stitutive levels of hBD-2, FAD-I, or its derivatives, offers the pos-
sibility of inducing the body’s own innate antimicrobial agents in
vulnerable mucosa.

MATERIALS AND METHODS

HOEC culture and treatment. Tissue acquisition for primary cell isola-
tion was conducted in accordance with our Institutional Review Board
(IRB)-approved protocol (NHR-15-19) for the use of discarded tissue.
Primary HOECs were expanded from tissues overlying impacted third
molars, as previously described (24), and grown as monolayers to ~70%
confluence. The cells were cultured in EpiLife medium (Gibco, Life Tech-
nologies) supplemented with 1% penicillin-streptomycin, 0.2% Fungi-
zone, and 1% human keratinocyte growth supplement (HKGS) (Gibco)
at 37°C and 5% CO, prior to challenge with various agents.

HOECs that reached ~70% confluence were trypsinized, split, and
seeded in 12- or 24-well plates at concentrations of 1.7 X 10° and 3.5 X
10° cells/well, respectively. The plates were incubated for 1 or 2 days until
the cells reached ~80% confluence. These cells were then used for the
various experiments described below. Incubations with the various agents
were for ~18 h.

Construction of F. nucleatum mutant and complementation
strains. For generation of an F. nucleatum ATCC 10953 mutant derivative
lacking FAD-I, allelic-exchange mutagenesis was used to replace the
ATCC 10953 fadI gene with the catP gene resistance cassette. Briefly, the
construct was generated by fusing 1 kb of DNA upstream and downstream
of fadl with the catP gene, along with its promoter. The upstream region
was amplified from F. nucleatum ATCC 10953 using primer pair BS933/
BS934, while the downstream region was amplified using the primer pair
BS937/BS938. The catP gene was PCR amplified from pHS30 (25) using
primers BS935 and BS936. The primers contained an overlap of 25 to 30
bp to allow fusion in PCRs, and the fusion PCR was carried out as de-
scribed by Shevchuk et al. (26). The fusion product was cloned into pCR-
BluntII-TOPO (Invitrogen) and confirmed by sequencing. The plasmid
DNA was electroporated into F. nucleatum ATCC 10953 as described by
Haake et al. (25) and plated on selective medium containing thiampheni-
col to obtain the corresponding AfadI derivative. The genomic DNA of
the obtained colonies was analyzed by PCR for the presence of the catP
gene and the absence of fadl. One of the colonies was designated the Afadl
inactivated mutant for complementation with heterologous expressed
fadI from highly hBD-2-inducing F. nucleatum strains ATCC 23726 and
ATCC 25586 under the control of the fornA promoter. The fadl genes of F.
nucleatum ATCC 23726 and ATCC 25586 were amplified from the respec-
tive genomes using the primer pair BS926/BS927. The fomA promoter was
amplified from F. nucleatum 10953 using the primer pair BS924/BS925.
The fused products of the fornA promoter and the respective fadl genes
were cloned into the shuttle vector pHS58 (27). All the resulting plasmids
were confirmed by sequencing and transformed into the AfadI derivative
of F. nucleaturn ATCC 10953 for complementation and heterologous ex-
pression of the different fadl genes. The presence of the fusion construct
between the fornA promoter and fadl from ATCC 25586 and ATCC 23726
in the transformants was confirmed by PCR. The primer pairs used are
described in Table S1 in the supplemental material.

Isolation of FnCW. F. nucleatum cell wall (FnCW) extracts from dif-
ferent F. nucleatum parent and mutant strains were prepared as previously
described (28).

Isolation of nFAD-I. Native FAD-I (nFAD-I) was isolated from
FnCW extracts derived from F. nucleatum ATCC 25586 by immunopre-
cipitation using a polyclonal anti-FAD-I antibody (1). To eliminate non-
specific interactions, 100 g of the bacterial cell wall fraction was initially
incubated with 50 pl of preimmune serum at 4°C overnight in the pres-
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ence of antibody binding buffer (Thermo Scientific, Waltham, MA) and
protease inhibitors (Thermo Scientific). Precleared lysates were obtained
by adding 25 pl of protein A magnetic beads (Novex, Life Technologies)
to the mixture. Thirty micrograms of the anti-FAD-I antibody was added
to the supernatants and continuously mixed at 4°C overnight. The mag-
netic beads were washed with antigen-antibody binding buffer (Thermo
Scientific). nFAD-I was eluted out of the complex at room temperature
with Gentle antigen elution buffer (Thermo Scientific) by 40 min of incu-
bation at room temperature with constant rotation. The isolated protein
was further dialyzed against Tris buffer (pH 7.5) at 4°C overnight, and the
protein content was measured with a Dc protein assay kit (Bio-Rad, Her-
cules, CA). The protein was identified by mass spectrometric (MS) anal-
ysis (Proteomics Core, Case Western Reserve University [CWRU]).

Cloning and bacterial overexpression of rFAD-I. The full-length
FAD-I gene (FN1527) (1) was amplified by PCR from genomic DNA of F.
nucleatum strain ATCC 25586 using primers (see Table S2 in the supple-
mental material) with Ndel and Xho1 restriction sites at their ends (New
England BioLabs). The PCR product was gel purified using a PCR purifi-
cation kit (Qiagen, Germantown, MD) and cloned in the pET-20b vector
(Novagen). Recombinant FAD-I (rFAD-I) protein was overexpressed
from one positive clone in the host Escherichia coli BL21(DE3) (Invitro-
gen, Life technologies). The E. coli culture, maintained at 37°C with 1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside), generated the recombi-
nant protein within 4 h. Bacterial cells were harvested by centrifugation at
4,000 rpm for 10 min, and the cell pellet was washed with 1X phosphate-
buffered saline (PBS) and stored at —80°C until further processed. Dif-
ferent mutant forms of FAD-I (A15, C16A, and 15-amino-acid signal
sequence) (see Fig. S1 in the supplemental material) were generated using
a Quick Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) with the
full-length FAD-I gene of F. nucleatum strain ATCC 25586 as the tem-
plate. The primers used for creating the mutants are listed in Table S2 in
the supplemental material. Cloning and overexpression were conducted
in pET20b following the same protocol used to generate the full-length
FAD-I protein.

Purification of overexpressed proteins from E. coli. E. coli cell pellets
overexpressing complete FAD-I, the A15 and C16A derivatives, or the
signal peptide (SP) were suspended in 50 mM Na,HPO,, 100 mM NaCl
(pH 7.5), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 1X Halt
protease inhibitor (Thermo Scientific) and sonicated on ice using a Fisher
Sonic Dismembrator 300 (Thermo Fisher, Bridgewater, NJ) on ice. The
cells were subjected to 20 cycles of 5-s pulses repeated 5 times with a wait
time of 2 to 3 min after each cycle. The lysed cells were centrifuged at
18,000 rpm and 4°C for 30 min. The supernatant underwent further pro-
cessing to isolate the desired protein using a Qiaexpress Ni-nitrilotriacetic
acid (NTA) column (Qiagen), following the manufacturer’s protocol. The
His-tagged column eluent was dialyzed against 10 mM Tris-HCI, pH 7.5,
and 100 mM NaCl. The dialyzed protein was concentrated using an Ami-
con tube concentrator with a 5-kDa cutoff (Millipore, MA). The recom-
binant signal sequence was expressed in inclusion bodies. Recovery of the
overexpressed protein from the inclusion bodies and its purification were
done using inclusion body solubilization reagent (Thermo Scientific) ac-
cording to the manufacturer’s protocol.

Mass spectrometric analysis. A C,4 reverse-phase column was uti-
lized for identification of possible posttranslational modifications (PTM),
including phosphorylation, myristoylation, and sulfonation. Approxi-
mately 300 ng of both the rFAD-I and the nFAD-I peptide mixtures was
loaded onto a 100-pwm by 2-cm Acclaim PepMap100 C,4 reverse-phase
trapping column to preconcentrate and wash away excess salts using a
nano-UltiMate-3000 Rapid Separation LC system (Dionex, Sunnyvale,
CA). The reverse-phase separation was performed on a 75-pm by 25-cm
(particle size, 2 wm, and pore size, 100 A) Acclaim PepMapl100 C, re-
verse-phase column (Dionex) using a linear gradient of 5 to 60% buffer B
(100% acetonitrile-0.1% formic acid [FA]) over 55 min.

A C, reverse-phase column was utilized for identification of lipid
modification only. The approximately 300 ng of digest mixture derived
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FIG 1 Induction of hBD-2 mRNA by live bacterial cells (A) and cell wall preparations (10 pg/ml cell wall F. nucleatum [Fn] ATCC 25586, ATCC 23726, and
ATCC 10953 (B). The data presented are means * standard deviations (SD) of the results of three to six replicate experiments; *, significant (P < 0.05), and NS,

not significant between the indicated experiments.

from both the rFAD-Iand the nFAD-I proteins was loaded onto a 100-m
by 2-cm Acclaim PepMap100 C, 4 reverse-phase trapping column to pre-
concentrate and wash away excess salts using a nano-UltiMate-3000
Rapid Separation LC system (Dionex, Sunnyvale, CA). The reverse-phase
separation was performed on a 75-pum by 15-cm (particle size, 5 wm, and
pore size, 300 A) Acclaim PepMap300 C, reverse-phase column (Dionex)
using a linear gradient of 20 to 100% buffer B over 64 min.

Proteolytic peptides eluting from either C,4 or C, columns were di-
rected to an LTQ-FT mass spectrometer (Thermo Fisher Scientific, Wil-
mington, DE) equipped with a nanospray ion source with a needle voltage
of 2.4 kV. All mass spectra were obtained from data-dependent experi-
ments in the positive ion mode. MS and tandem-MS (MS-MS) spectra
were acquired with full-scan MS recorded in the FT analyzer at a resolu-
tion (R) of 100,000, followed by MS-MS of the eight most intense peptide
ions in the LTQ analyzer. The data were analyzed by searching tan-
dem-MS spectra using Mascot software against a database containing
FN1527 protein, considering variable modification of S, T, and Y residues
by 79.966 Da; S, T, and Y residues by 79.957 Da; C residues by 210.198 Da;
and C residues by 576.511 Da, which correspond to phosphorylation,
sulfation, myristoylation, and S-diacylglycerol cysteine, respectively.

RNA isolation, quantitative PCR (qPCR), and enzyme-linked im-
munosorbent assay (ELISA). RNA was extracted from HOECs with the
RNeasy minikit (Qiagen) following the manufacturer’s instructions. The
RNA concentration was measured by UV absorbance at 260/280 nm using
aNanodrop 1000 (Thermo Fisher Scientific). Quantitative real-time PCR
was performed with a Bio-Rad CFX96 system with a high-capacity cDNA
reverse-transcription kit (Applied Biosystems, Carlsbad, CA) and SyBr
Green Supermix (Bio-Rad) according to the manufacturer’s protocol.
The primer sequences for hBD-2 and the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) housekeeping gene are shown in Table S2 in the
supplemental material. Primers were designed using Primer3 primer de-
sign software (29) and were analyzed using Oligo Analysis (Integrated
DNA Technologies [IDT]) in order to avoid secondary structures. The
medium supernatants from HOECs were analyzed for hBD-2 protein lev-
els following our previously described protocol (9, 10).

Flow cytometry. Biotin-conjugated anti-TLR-1, allophycocyanin
(APC)-conjugated anti-TLR-2, and phycoerythrin (PE)-conjugated anti-
TLR-6 antibodies were used for flow cytometry (Ebiosciences, San Diego,
CA). For surface staining, the cells were first harvested in cell dissociation
buffer and then washed and stained in PBS- bovine serum albumin (BSA)
(0.5%)-EDTA (0.5 mM) buffer for 1 h and immediately analyzed (LSRII
Fortessa; BD Biosciences, CA). Cells were harvested in trypsin-EDTA and
washed in PBS-BSA (0.5%)-EDTA (0.5 mM) buffer to remove surface
proteins. Unconjugated antibodies were used to further block the remain-
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ing surface proteins. The cells were then fixed using 1X fixation buffer
(Ebiosciences) overnight, followed by permeabilization and staining, us-
ing the conjugated antibodies mentioned above, in 1X permeabilization
buffer (Ebiosciences) for 2 h, and analyzed by flow cytometry. Surface
detection of the same receptor proteins was done with and without cy-
tochalasin D (CytD) (Life Technologies) treatment. HOECs were pre-
treated with 40 WM cytochalasin D at 37°C 1 h prior to FAD-I stimulation.
We also used fluorescein isothiocyanate (FITC)-labeled FAD-I (Bio Basic
Canada Inc., Markham, Ontario, Canada) to measure the receptor-ligand
association at the surface, as detected by TLR-2 and FAD-I-FITC-double-
positive cells by flow cytometry.

Statistical analysis. All statistical analyses (Student ¢ test or analysis of
variance [ANOVA]) were performed using Graph Pad (La Jolla, CA)
Prism v.6 software. P values of <0.05 were considered statistically signif-
icant.

RESULTS

FAD-I is the main inducer of hBD-2 in F. nucleatum. We have
shown that F. nucleatum ATCC 25586 induces hBD-2 upon con-
tact with primary HOECs (5). We screened two additional se-
quenced F. nucleatum strains (ATCC 23726 and ATCC 10953) for
the ability to induce hBD-2 transcription by challenging HOECs
with live bacterial cultures (multiplicity of infection [MOI],
1:100) and discovered that while hBD-2 mRNA induction by
ATCC 23726 was similar to that by ATCC 25586, ATCC 10953
showed significantly less activity (Fig. 1A). We isolated FnCW
fractions from each of the three strains and found that the frac-
tions behaved like whole bacterial cells (Fig. 1B). To compare the
levels of FAD-I protein in the whole-cell lysates of ATCC 10953 (a
low inducer) with those of high-inducer strains (ATCC 25586 and
ATCC 23726), we performed Western immunoblot analysis,
which revealed relatively low levels of FAD-Iin ATCC 10953 com-
pared to those in high-inducer strains (Fig. 2A; see Fig. S3 in the
supplemental material). Additionally, alignment of the corre-
sponding FAD-I sequences revealed that the proteins of strains
ATCC 25586 and ATCC 23726 differed in only a single amino acid
(99.2% similarity), while strain ATCC 10953 shared only 87.6%
sequence similarity with either of the other two strains (Fig. 2B).
Interestingly, the sequence differences between ATCC 10953 and
the other two strains were found principally in the signal peptide
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FIG 2 (A) Western immunoblot of FAD-I protein in whole-cell lysates of F. nucleatum ATCC 25586, ATCC 23726, ATCC 10953, ATCC 10953 Afadl, and ATCC
10953 AfadI/pFAD-I 23726 (ATCC 10953 AfadI with plasmid-based expression of FAD-I from ATCC 23726). For Western blotting, whole-cell lysates derived
from 1.5 X 107 cells of the different Fusobacterium strains at the mid-logarithmic growth phase were resolved in a 4 to 12% SDS-PAGE precast gel (NuPAGE,
Invitrogen, USA) according to standard protocols, and anti-FAD-I antibody (1) was used to detect FAD-I. (B) Multiple-sequence alignment of FAD-I peptides
from three F. nucleatum strains (ATCC 25586, ATCC 23726, and ATCC 10953). The Clustal W (54) Web-based service was used to align the sequences. The arrow
indicates a conserved cysteine; the box at the N terminus indicates the signal peptide sequences; the dark-blue-shaded amino acids are common to all three

proteins, while the amino acids shaded light blue or white indicate differences in sequences.

region of FAD-I, along with various sites in the mature-peptide
region (Fig. 2B).

Since F. nucleatum ATCC 10953 has a greatly reduced ability to
trigger hBD-2 transcription in HOECs, it provides an ideal back-
ground to test whether FAD-I is the key agent produced by F.
nucleatum for induction of hBD-2. To remove possible FAD-I
background activity, we first created a mutant derivative of ATCC
10953 lacking the FAD-I-encoding gene (see Materials and Meth-
ods for details). The fadl genes of the highly hBD-2-inducing
strains ATCC 25586 and ATCC 23726 were cloned into a fusobac-
terial shuttle vector under the control of a constitutive fusobacte-
rial promoter and transformed into the ATCC 10953 Afadl mu-
tant strain. The FAD-I production of the resulting strains was
confirmed, and then the strains were tested for the ability to in-
duce hBD-2 transcription in HOECs. Both ATCC 10953 Afadl
derivatives expressing heterologous FAD-I of ATCC 25586 or
ATCC 23726 displayed FAD-I activities similar to the respective
highly hBD-2-inducing parent strains (Fig. 3A). The Western im-
munoblot for FAD-I expression in cell lysates of ATCC 10953
Afadl complemented with FAD-I of ATCC 23726 (a high inducer)
showed a level of expression of FAD-I in cell lysates comparable to
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that of the parent highly inducing strain (Fig. 2A). Finally, addi-
tion of anti-FAD-I antibodies reduced hBD-2 induction by F.
nucleatum ATCC 25586 cell wall fractions by more than 80%
(Fig. 3C).

Recombinant FAD-I is as potent as native FAD-I in inducing
hBD-2. We previously reported that FAD-I from F. nucleatum
ATCC 25586 could be recombinantly expressed in E. coli (rFAD-I)
and that the purified protein induces hBD-2 production (1). We
now wanted to compare the hBD-2-inducing ability of rFAD-I
with that of nFAD-I and purified both proteins (as described in
Materials and Methods). Challenge of HOECs with either rFAD-I
or nFAD-I resulted in comparable hBD-2 transcript expression
and peptide release (see Fig. S1 in the supplemental material), and
hence, we continued using rFAD-I in our subsequent studies due
to easier manipulation and purification of the protein.

The signal peptide is important for FAD-I activity. Sequence
analysis of FAD-I revealed that the full-length protein is com-
prised of 129 amino acids (14 kDa), with residues 1 to 15 (MKKI
LLLLSSLFLFA) corresponding to the predicted signal sequence
(Fig. 2; see Fig. S2 in the supplemental material). The processed
mature protein, without the signal sequence, consists of 114 resi-
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dues and is referred to as A15 FAD-1. We recombinantly produced
mature FAD-I (A15 FAD-I) and SP as separate entities and com-
pared their abilities to induce hBD-2 with that of full-length
rFAD-IL. Our results show that rFAD-I is significantly compro-
mised upon deletion of the signal peptide (Fig. 4A and B). Inter-
estingly, HOECs stimulated with the signal peptide alone and the
signal peptide in conjunction with mature FAD-I (A15 FAD-I)
were unable to induce hBD-2, indicating that the intact rFAD-I,
containing its signal peptide, is essential for activity.

FAD-1is posttranslationally modified at the cysteine in posi-
tion 16. The cysteine in position 16 is conserved (Fig. 2) in the
predicted amino acid sequences of FAD-I proteins present in the

three F. nucleatum strains tested. Further analysis of the FAD-I
sequences of ATCC 25586, ATCC 23726, and ATCC 10953 with
the ScanProsite tool (30) revealed a potential posttranslational
lipid modification at C16 by either S-diacyl-glycerol or N-palmi-
toyl-cysteine (see Fig. S2 in the supplemental material). To con-
firm this modification and further analyze its nature, rFAD-I (Fig.
5A) and nFAD-I (Fig. 5B) proteins corresponding to F. nucleatum
ATCC 25586 were digested with trypsin and analyzed by liquid
chromatography (LC)-MS-MS (as described in Materials and
Methods). A doubly protonated ion signal at m/z 914.53 that cor-
responds to the CANIDTGVDESK peptide (C16-K27) with a
mass shift of 576.14 Da was observed. MS-MS analysis of doubly
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FIG 4 Comparison of hBD-2 induction and release from HOECs by rFAD-I, mature rFAD-I, and its signal peptide. HOECs were treated for 18 h with 10 pg/ml
of the indicated peptides {rFAD-I, recombinant full-length FAD-I; A15 FAD-I, rFAD-I with the 15-amino-acid signal sequence deleted; Signal Peptide (SP),
signal peptide only; [SP]+[A15 FAD-I], mixture of signal peptide and A15 FAD-I}. Fold changes in hBD-2 mRNA (A) and released peptide (B) compared to
untreated HOECs were measured. The data presented are means = SD of the results of six independent experiments; *, significant (P < 0.05) compared to
untreated HOECs; #, significant (P < 0.05) compared to rFAD-I-treated cells.
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determined. The data presented are means = SD of the results of six independent experiments; *, P < 0.05.
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protonated ion signals at /2 914.53 derived from the FAD-I tryp-
tic digest produced a spectrum in which all the observed b-frag-
ment ions, including b1 to b11 ions, were shifted by +576.14 Da.
In contrast, the observed y-fragment ions, including y1 to yl1
ions, were unchanged. The shifting of the bl to b11 ions but not
the y1 to y11 ions by 576.4 Da is indicative of S-diacyl-glycerol
modification at the cysteine residue of the CANIDTGVDESK pep-
tide (i.e., the cysteine at position 16 of the full-length FAD-I pep-
tide).

To investigate the importance of the lipidated C16 in hBD-2
induction, the cysteine was replaced by alanine (A) in rFAD-I.
This significantly reduced the ability of FAD-I to induce hBD-2,
indicating the importance of the cysteine-diacylglycerol modifica-
tion in hBD-2 induction (Fig. 5C and D).

FAD-I-mediated hBD-2 induction is TLR-1/2 and TLR-2/6
dependent. Previously, we reported that the induction of hBD-2
by FAD-I is TLR-2 dependent (1). Here, we investigated if this
TLR dependence included heterodimerization of TLR-2 with ei-
ther TLR-1 or TLR-6. When we treated HOECs with FAD-I in the
presence or absence of anti-TLR-1 or anti-TLR-6 antibody, we
observed significantly diminished hBD-2 induction, indicating
that TLR-2 interaction with both TLR-1 and TLR-6 is involved in
induction of hBD-2 by FAD-I in HOECs (Fig. 6A).

To further investigate this observation, we conducted flow cy-
tometric analysis to reveal the presence or absence of TLR recep-
tors on HOEC surfaces after FAD-I challenge. Representative flow
cytometric analysis demonstrated that both TLR-1/2 and TLR-2/6
are reduced on the surfaces of HOECs following FAD-I challenge,
with more surface expression reduction of TLR-1 than of TLR-6
(Fig. 6B and D). Additionally, while both TLR-1 and TLR-6 were
internalized in response to FAD-I, there was a greater percentage
of TLR-1 internalization than of TLR-6 compared to untreated
cells (Fig. 6B and C).

The FAD-I-TLR-2 interaction was additionally investigated
using CytD, an inhibitor of actin polymerization, to see if blocking
of receptor internalization can inhibit the reduction in TLR-2 sur-
face expression in the presence of FAD-I. HOEC:s in the presence
of CytD showed little change in TLR2 surface expression after
challenge with FAD-I compared to FAD-I-treated HOECs alone
(Fig. 6D). This was confirmed by using FITC-labeled rFAD-I in
the presence and absence of CytD (Fig. 6E and F).

DISCUSSION

Previously, the cell wall of F. nucleatum, a ubiquitous bacterium of
the oral cavity, was shown to induce hBD-2 in HOECs (5). More
recently, using systematic biochemical fractionation of FnCW, we
identified FAD-I as the hBD-2-inducing factor. This was further
confirmed via functional heterologous expression of FAD-I in P.
gingivalis (1). In our present study, we report differential induc-
tion of hBD-2 by different strains of F. nucleatum; ATCC 25586
and ATCC 23726 trigger significantly more hBD-2 mRNA pro-
duction than ATCC 10953. ATCC 25586 and ATCC 23726 are
therefore designated high inducers, while ATCC 10953 is desig-
nated a low inducer of hBD-2. Via heterologous expression of fadl
from highly hBD-2-inducing strains in a AfadI derivative of the
low-hBD-2-inducing strain ATCC 10953, we were able to restore
FAD-I induction in the low inducer to levels comparable to those
observed for the highly inducing strains.

In addition, by using antibodies specifically targeting FAD-I,
we inhibited the high-inducer cell wall fraction from inducing
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hBD-2 by more than 80%. These two independent approaches
support our contention that FAD-I is the principal cell wall-asso-
ciated fusobacterial agent responsible for hBD-2 induction in
HOECs.

Our mass spectroscopy analysis and replacement of cysteine
(C16) with alanine revealed the importance of the posttransla-
tional C16 diacylglycerol moiety in FAD-I in promoting hBD-2
expression in HOECs. Additionally, our in silico analysis revealed
that all three F. nucleatum strains expressed a diacylglycerol moi-
ety bound to cysteine in position 16. Therefore, that alone could
not explain the strain-related differences in hBD-2 induction.

The Western immunoblot data using whole-cell lysates of F.
nucleatum hBD2 low- and high-inducer strains showed reduced
FAD-I expression in the whole-cell lysates of the low inducer
(ATCC 10953) compared to the high inducers (ATCC 25586 and
ATCC 23726), which was even more apparent when we used cell
wall fractions for these strains (see Fig. S3 in the supplemental
material). The mechanism of protein secretion in eukaryotes and
prokaryotes requires the signal sequence to facilitate transport of
the translated protein to the membrane (31), and it also helps the
protein attain the right conformation required to maintain its
functionality (32). The fact that the major sequence difference
between the FAD-I of ATCC 10953 and those of the other two
strains is in the signal peptide domain of FAD-I (Fig. 2; see Fig. S2
in the supplemental material) suggests that the variability in levels
of FAD-I production and cell wall integration in ATCC 10953
compared to ATCC 25586 and ATCC 23726 could be due to vari-
ability in the efficiency of FAD-I signal peptide anchoring to the
outer membranes of the respective strains. However, we cannot
rule out the possibility that a conformational difference, as dem-
onstrated by amino acid sequence differences in the mature-pep-
tide region of FAD-I proteins from the hBD2 low- and high-in-
ducer strains could also contribute to variability in hBD-2
induction in HOECs. The theoretically predicted structures of
FAD-I proteins from ATCC 10953 and ATCC 25586 based on
I-TASSER (iterative threading assembly refinement) (33, 34)
showed differences in the residues predicted to interact with the
TLRs (data not shown). Therefore, differences in FAD-I presen-
tation from its cognate receptors, along with differences in levels
of expression of FAD-I on the outer membranes of F. nucleatum
strains, may collectively be responsible for variability in hBD-2
induction in HOECs. Deciphering this intriguing hypothesis will
require additional work, which is under way in our laboratory.

Purified FAD-I proteins, resolved under denaturing condi-
tions, resulted in two prominent bands, i.e., at 14 kDa and 12 kDa,
as detected by Coomassie staining and Western blotting (see Fig.
$4 in the supplemental material), indicating the presence of full-
length and mature peptide in rFAD-I. Another F. nucleatum out-
er-membrane-associated protein, FadA, which has been shown to
play an important role in binding and invasion of host cells by the
organism, also exhibits a premature and a mature peptide when
resolved by SDS-PAGE. The amino acid sequence analysis of
FAD-I indicated the presence of a 15-amino-acid signal peptide.
Challenging HOECs with recombinantly produced mature
FAD-], i.e., without the signal peptide (A15 FAD-I), significantly
reduced its activity, and adding the signal peptide to the assay
mixture in the presence of the mature peptide did not restore
FAD-I activity to an appreciable extent. This suggests that the
signal sequence and the mature peptide must be bound as a single
unit to maintain conformational integrity for FAD-I activity when
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presented to HOECs as a standalone molecule. However, this may
not be relevant in vivo when F. nucleatum comes in contact with
HOEC s, since the outer membrane, in which FAD-I would be
embedded, would provide conformational stability to the mole-
cule. According to Mascioni et al. (35), the amino terminus of
bacterial lipoproteins may not only function to direct outer mem-
brane localization, but also serve as an extended linker sequence,
making the protein available at the extracellular surface.

Our current results show that nFAD-I and rFAD-I behave sim-
ilarly in their ability to induce hBD-2. Mass spectrometric analysis
demonstrated the presence of a PTM associated with the only
cysteine in the molecule in both proteins. Interestingly, rEAD-I
generated in E. coli retained the same posttranslational modifica-
tion as nFAD-I, which we isolated from F. nucleatum, i.e., diacyl-
glycerol and not triacylglycerol. The classical lipoprotein modifi-
cation pathway in bacteria is composed of three sequential
enzymatic reactions catalyzed by two acetyltransferases and one
signal peptidase (36). The enzymes lipoprotein diacylglyceryl
transferase (Lgt) and signal peptidase II (Lsp) are involved in pro-
ducing diacylated lipoproteins (36), while triacylated lipoproteins
are the result of additional catalysis steps by apolipoprotein N-
acyltransferase (Lnt) (36, 37). We searched for these enzymes in
the F. nucleatum ATTC 25586 genome database (38) and found
Lgt (GenelD 991758; gene symbol, FN0489) and Lsp (GenelD
991403; gene symbol, FN0068) homologues, but not Int, consis-
tent with our finding that FAD-I is diacylated and not triacylated.
Gram-negative bacteria are known to have Int, which promotes
triacylated-lipoprotein generation (39). E. coli, like other Gram-
negative bacteria, expresses all three enzymes; however, in the
generation of lipoproteins, Int causes diacylated moieties to be-
come triacylated, as it is the default enzyme that adds an acyl group
to the N terminus of the diacylated molecule (36, 39). Thus, the
lipid modification of FAD-I appears to be unique, as it is a diacyl
peptide produced by a Gram-negative bacterium (F. nucleatum).
It is also surprising that even when produced in E. coli it is diacy-
lated, in spite of the presence of machinery for triacylation. We
could speculate that there could be a specific recognition motif
that determines the number of acyl groups added to the lipopro-
tein; however, while this opens up a new avenue for further inves-
tigation, it is beyond the scope of the present study.

The lipid moiety of a bacterial lipoprotein plays a crucial role in
bacterium-host cell interactions. For example, lipidated peptides
are discriminated by host TLRs on the basis of the degree of fatty
acid acylation. Among the TLRs, TLR-2 plays a major role in the
recognition of Gram-positive bacteria (40). Biochemical studies
using cell wall component-deficient mutant bacteria demon-
strated that bacterial lipoproteins, but not lipoteichoic acid or
peptidoglycan, act as real native TLR-2 ligand molecules (41-43).
Only the lipoproteins are real TLR-2 ligands, and the others may
contain lipoproteins as contaminants during their preparation
(44). In the present report, we show that FAD-I is a diacylated
lipopeptide, and previously, we demonstrated that it induces
hBD-2 in HOECs through TLR-2 (1). TLR-2 is unique in its ability
to form heterodimer complexes with TLR-1 or TLR-6. Triacyl and
diacyl synthetic lipopeptides, such as N-palmitoyl-S-dipalmitoyl-
glyceryl CSK, and MALP-2, have been used as TLR-1/2 and TLR-
2/6 agonists, respectively, leading to a model in which triacylated
lipopeptides/lipoproteins activate through the TLR-1/2 het-
erodimer, whereas diacylated lipopeptides/lipoproteins activate
through the TLR-2/6 heterodimer (45-47). Here, we report that
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induction of hBD-2 by diacylated FAD-I induces hBD-2 through
both TLR-1/2 and TLR-2/6 in HOECs. Triacylated SitC lipopro-
tein purified from Staphylococcus aureus cells has been shown to
stimulate immune cells via both TLR-1/2 and TLR-2/6 het-
erodimers (43), and some diacylated bacterial lipopeptides can
also activate cells in a TLR-6-independent manner (48, 49).

In the context of induction of innate response elements in hu-
man oral mucosa, we envision that variability in hBD-2 induction
could be the result of both the FAD-I expression level and confor-
mation differences, as demonstrated by low- and high-inducer F.
nucleatum strains, along with interpersonal variability in TLR lev-
els of expression in oral mucosal cells (50).

Teleologically, bacterial molecules such as FAD-I, from various
oral bacterial species, could be contributing to the regulation of
homeostasis in the oral mucosa and thus explain why hBD-2,
while inducible, is constitutively expressed in the oral mucosa
with little concomitant inflammation. Interestingly, hBD-2 ap-
pears only in the presence of infection or inflammation in most
tissues, including the skin (51), trachea (52), and gut epithelium
(53, 54), sites where F. nucleatum is not a normal inhabitant. Fur-
thermore, we have noticed that FAD-I does not induce interleukin
8 (IL-8) in HOECs (data not shown). Therefore, the interaction of
FAD-I with the host mucosal epithelium, which results in expres-
sion of antimicrobials, such as hBD-2 (1) and CCL20 (10), with-
out simultaneously triggering inflammatory mediator(s), may re-
flect an inherent strategy of symbiosis between certain bacteria
and the host mucosa. The growing problem of resistance to con-
ventional antibiotics and the need for new antimicrobials has
stimulated interest in the development of antimicrobial peptides
(AMPs), such as hBDs, as human therapeutics. Unlike conven-
tional antibiotics, resistance by an organism to AMPs is surpris-
ingly rare and difficult to generate (55-57). This is probably due to
the nonspecific nature of the electrostatic/hydrophobic interac-
tion of the AMP with various anionic components of the bacterial
membrane (55, 56). We hypothesize that a new class of thera-
peutics could be developed that would facilitate the production
of endogenous AMPs when needed and locally where applied.
Identification and characterization of bacterial molecules, such
as FAD-I, including understanding their interactions with the
host, may one day offer a new paradigm in immunoregulatory
therapeutics to promote mucosal protection at vulnerable
body sites.
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